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Abstract 
Objective: Laser surgery has many advantages. However, due to a lack of haptic feedback it is accompanied by the risk of 
iatrogenic nerve damage. The aim of this study was to evaluate the possibilities of optical nerve identification by diffuse 
reflectance spectroscopy to set the base for a feedback control system to enhance nerve preservation in oral and maxillofacial 
laser surgery. 
Materials and Methods: Diffuse reflectance spectra of nerve tissue, skin, mucosa, fat tissue, muscle, cartilage and bone (15120 
spectra) of ex vivo pig heads were acquired in the wavelength range of 350–650 nm. Tissue differentiation was performed by 
principal components analysis (PCA) followed by linear discriminant analysis (LDA). Specificity and sensitivity were calculated 
by receiver operating characteristic (ROC) analysis and the area under curve (AUC).  
Results: Nerve tissue could correctly be identified and differed from skin, mucosa, fat tissue, muscle, cartilage and bone in more 
than 90% of the cases (AUC results) with a specificity of over 78% and a sensitivity of more than 86%. 
Conclusion: Nerve tissue can be identified by diffuse reflectance spectroscopy with high precision and reliability. The results 
may set the base for a feedback system to prevent iatrogenic nerve damage performing oral and maxillofacial laser surgery.  
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1. Introduction 
 
Laser surgery provides a number of advantages like high precision, little trauma and a high level of sterility [1-3]. 
However, remote laser ablation comes with a lack of feedback concerning the penetration depth of the laser cut or 
the tissue type being ablated at the bottom of the laser cut. Hence, the risk of iatrogenic damage of anatomical 
structures such as peripheral nerves is increased [4-6]. Especially in the head and neck area run a variety of major 
sensory and motor nerves which are adjacent to a variety of other tissue types, e.g., skin, mucosa, muscle, fat, 
cortical bone, cartilage. A destruction of the nerve function affects both function and aesthetics and may lead to a 
dramatically lowered life quality of the affected patients. 
To take advantage of the benefits of laser surgery in oral and maxillofacial surgery it is necessary to reduce 
iatrogenic nerve damage in the facial region. To reach that goal, additional means are required that can control the 
laser ablation through intra-operative nerve detection. Several experimental approaches for tissue specific laser 
ablation using optical tissue differentiation have been described [7-9]. The basic idea is to control the laser ablation 
using an optically controlled feedback system, e.g., to stop the laser cut when it reaches the vicinity of nerve tissue. 
Diffuse Reflectance Spectroscopy (DRS) provides a relatively simple and cost-effective approach for tissue 
differentiation. The light applied is absorbed or scattered, depending on the optical properties of each tissue type. In 
the visible range, the main tissue absorbers are melanin and hemoglobin [10], and the main tissue scatterers are cell 
organelles (such as mitochondria, etc.) and cells [10]. Several types of normal healthy tissues from animals and 
humans have been described in terms of their optical properties by means of diffuse reflectance spectra ex vivo [11-
14] and in vivo [15]. However, there is little information about the differentiation between different types of healthy 
tissue [16].  
The goal of this study was to differentiate between nerve tissue and different types of soft and hard tissue occurring 
in the facial region by analyzing the diffuse reflectance spectra. The experiments set the base for remote optical 
nerve detection to control the laser cut enhancing the quality of nerve preservation as a crucial step in oral and 
maxillofacial laser surgery.  
2. Materials and Methods 
2.1. Tissue Samples 
Seven different types of soft and hard tissue were taken from 12 bisected ex vivo domestic pig heads, 84 tissue 
samples in total – nerve, skin, mucosa, fat, muscle, cartilage and cortical bone. Nerve tissue samples were taken 
from the infraorbital nerve, skin from the facial region, mucosa form the oral cavity, fat from the subcutaneous 
buccal region, muscle tissue from the masticatory muscles, cartilage from the ear and cortical bone from the lower 
jaw. The tissue samples measured 5x5 cm with a thickness of 1 cm on average. The nerve tissue was prepared 
including the perineural sheath and had a diameter of 1 cm on average. After dissection, the tissue samples were 
carefully washed with a sterile saline solution to remove all superficial contamination, including clotted blood 
particles. The experiments were conducted on the day of slaughter within a maximum ex vivo time of 6 hours under 
a constant room temperature of 22°C. There was no local or systemic illness of the animals to cause any 
pathological tissue alterations prior to sample extraction. 
2.2. Experimental Setup 
The diffuse reflectance of the tissues was measured ex vivo using a reflection/backscattering probe QR600-7-SR-
125F® (Ocean Optics, USA). The experimental setup consisted of a pulsed Xenon lamp PX-2® (Ocean Optics, USA) 
projected onto tissue via the reflection/backscattering probe, and a high resolution spectrometer HR4000® (Ocean 
Optics, USA) with a 1.1 nm optical resolution, which was used for detection. The spectrometer provides a dynamic 
range of 25 dB S/N and 31 dB. The spectrometer’s accuracy is greater than 99%. The reflection/backscattering 
probe consists of 6 illumination fibers and a single collection fiber. Each optical fiber has a 600 μm core diameter 
and a 0.22 numerical aperture. The diffuse reflectance measurement was acquired within 10 ms of integration time. 
All tissue samples (12 tissue samples per tissue type) were placed and measured at a distance of 1 cm from the distal 
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end of the probe. For each tissue sample, 6 different spots were chosen with a distance of 0.5 cm from each other. 
Per spot, 30 diffuse reflectance spectra were acquired (180 spectra per tissue sample). In total, 2160 diffuse 
reflectance spectra were acquired for each of the seven types of tissue investigated. 
The measurements were conducted under consistent conditions of minimized stray environmental light in the 
laboratory, which allowed to exploit the experimental setup.   
2.3. Data Processing 
The diffuse reflectance raw signal SRd (Ȝ) collected was converted into diffuse reflectance Rd (Ȝ). The light 
source emission spectrum reference spectrum was collected using the reflectance standard WS-1® (250-1500 nm, 
Ocean Optics, USA). The diffuse reflectance was calculated as follows: 
       
(1) 
 
 
Where: 
 SRd (Ȝ) : Diffuse reflectance raw signal (a.u.). 
 SR (Ȝ)   : Light source emission spectrum reference (a.u.). 
 SD (Ȝ)  : Background signal (a.u.). 
 
Due to high noise in the near infrared spectral region, diffuse reflectance spectra beyond 650 nm were excluded 
from consideration. The background signal SD (Ȝ)  was used for the correction of stray light during measurement. 
After pre-processing, the spectra consisted of 1150 data points within the 350-650 nm range (0.26 nm wavelength 
resolution). 
2.4. Statistical analysis 
2.4.1 Principal Components Analysis (PCA) 
To reduce the number of predictor variables, we performed a principal component analysis (PCA). To obtain better 
results, we standardized and scaled the data to obtain mean value zero and standard deviation one. For our analysis, 
we used seven principal components (PC) for classification - the first, second, third, fifth, sixth, seventh and twelfth 
PC. These principal components were determined as follows: 
In a previous analysis we performed a leave-one-out cross-validation to estimate the classification performance. In 
each cross-validation step, a PCA was calculated and Mann-Whitney U-tests were performed to test the 
discriminative power of each of the PCs between any pairwise tissue comparisons. For each of the pairwise 
comparisons, we selected those PCs that lead to the three lowest p-values, so that a maximum of 63 PCs was chosen 
if none of the PCs discriminated well between more than two tissues (21 pairwise comparisons) and a minimum of 
three PCs was chosen if the same three PCs discriminated best between all tissues. In the following steps we 
performed linear discriminant analysis (LDA) training and testing and ROC analysis. We found that 7 PCs were 
always selected while the remaining differed between individual cross-validation steps. In the following, we trained 
and tested the LDA with only those 7 PCs that were selected in each of the steps. 
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2.4.2. Classification  
We utilized multiclass linear discriminant analysis (LDA) to separate the data (the seven chosen principal 
components) with respect to their class membership, i.e., the tissue types [17]. Using linear discriminant analysis we 
evaluated the class probabilities of each observation with regard to belonging to one of the four tissues.  
2.4.3. Receiver Operating Characteristic (ROC) Analysis  
The classification performance, based on the estimated class probabilities, was evaluated using receiver operating 
characteristic (ROC) analysis [18], using pairwise comparisons of all tissues: We calculated sensitivities and 
specificities for the optimal cutpoint maximizing the Youden index [19], and areas under the ROC curve (AUC), 
using the class probabilities obtained with LDA.  
All statistical analysis was carried out using the freely available programming language R [20]. 
3. Results 
The average spectra of diffuse reflectance in the wavelength range between 350 and 650 nm from the seven types of 
tissue investigated in this study are shown in Figure 1.  
 
Fig. 1. Diffuse reflectance spectra for different hard and soft tissues 
The 7 principal components (PCs) that were selected for classification were responsible for 99.5% of the data 
variation.  The first PC does not show remarkable peaks and describes 90.87% of the variance of the diffuse 
reflectance spectra. PC 2, 3 and 5 show prominent peaks at 540 nm and 580 nm. PC 5 additionally shows a 
prominent peaks at 440 nm (Figure 2). From the fifth PC on, chosen for the tissue differentiation (PC 6, 7 and 12), 
the curves seem to be more influence by noise.  
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Fig. 2. PC loading. PC 1 has a consistent contribution of loading along the investigated wavelength range; PC 2, 3 
and 5 show a higher variation of loading with prominent peaks at 440, 540 and 580 nm. 
 
ROC analysis showed that PCA, followed by LDA, could differentiate between nerve tissue and the other soft and 
hard tissue types, investigated in this study, with AUC results of 0.96 to 1.00 (Table 1). 
Concerning the sensitivity of differentiation between nerve tissue and the other tissues of this study, the result was 
between 86% and 100%, with the lowest result for the differentiation between nerve and fat tissue (Table 2). The 
specificity of tissue differentiation reached over 89% in all cases (Table 3).  
 
Table 3. Specificity of tissue differentiation 
AUC Cartilage Corticalis Fat Mucosa Muscle Skin 
Nerve 0.987 0.960 0.962 0.993 1.000 0.990 
Table 1. Tissue differentiation using AUC 
Sensitivity Cartilage Corticalis Fat Mucosa Muscle Skin 
Nerve 0.972 0.945 0.864 0.917 1.000 0.914 
Table 2. Sensitivity of tissue differentiation 
Specificity Cartilage Corticalis Fat Mucosa Muscle Skin 
Nerve 0.977 0.892 0.914 1.000 1.000 0.975 
 
4. Discussion 
Feedback control of laser ablation is an essential objective for laser surgery. Optical tissue differentiation may 
sufficiently control laser surgery and enhance tissue specific cutting. Surgical lasers may destroy neural structures 
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through ablation or overheating [4-6]. Hence, the identification of major peripheral nerves is essential in oral and 
maxillofacial laser surgery to avoid iatrogenic damage. 
In order to set the basis for optical nerve identification, we recorded and analysed mean diffuse reflectance spectra 
of 7 different types of tissue: nerve, skin, mucosa, fat, muscle, cartilage and cortical bone from ex vivo pig samples. 
The selection of tissue types followed a clinical approach. Besides nerve tissue, those tissue types were chosen 
frequently and regularly can be found on typical maxillofacial operations. 
Since the averaged spectra of the four tissues are not very distinct, advanced methods of analysis were used to 
differentiate the spectral curves. 7 principal components were found to contribute significantly to the differentiation 
of the 7 types of tissue. Those PCs were found to represent over 99% of the variance between the tissue types and 
were all chosen consistently in all cross validation steps. PC 1 is responsible for more than 90% of the variance of 
the diffuse reflectance spectra derived from the four tissue types. For PC 1, the results of the PCA demonstrated a 
consistent contribution along the investigated wavelength range, without remarkable peaks. PC 2, 3 and 5 
demonstrated prominent peaks at 540 and 580 nm, which may be related to the peaks of oxyhemoglobin and 
deoxyhemoglobin (Figure 2). Consequently, it is assumed that PC 1 provided information about the 
absorption/scattering contribution other than blood. This means that PC 1 basically represents the bio-morphological 
variety of the tissues, such as size and number of cells and cell nuclei, cell organelles (e.g. mitochondria) and the 
amount and density of the extracellular matrix (ECM) including collagen, all of which are known to contribute to 
overall amounts of diffuse reflectance apart from blood [21-25]. The shape of the curve of PC 2, 3  and 5 is similar 
to the spectral shape of blood, reflecting the contribution of blood absorption, reflection and backscattering in the 
visible range [26]. PC 5 additionally shows a decrease of optical reflection at the wavelength of 440 nm, known as 
Soret absorption band characterizing deoxygenated haemoglobin. The distinct decrease is assumed to be caused by 
the ex vivo conditions of the experiments. However, compared to PC 1, PC 2, 3 and 5 together are responsible for 
only 9% of the variance between the reflectance spectra of different types of tissue.   
Regarding the AUC results, nerve tissue could be identified with a probability of over 95%. The lowest results with 
96% were found for the differentiation between nerve and cortical bone as well as between nerve and fat tissue.  
However, identification is only the first part of optical nerve. A high sensitivity of tissue differentiation may be the 
crucial step prior to a transfer to clinical application. The sensitivity of differentiation between nerve tissue and the 
other tissues investigated was found to be rather high with values ranging between 86% – 100%. The lowest result 
was achieved for the differentiation between nerve and fat tissue. The specificity of tissue differentiation 
demonstrated results from 89% - 100%, with the lowest result between nerve and cortical bone. However, a crucial 
step of optical tissue identification of nerves in oral and maxillofacial surgery may be the differentiation between 
nerve tissue, fat tissue and cortical bone which yielded the lowest results in our study. The differentiation of both 
tissue pairs is of high relevance considering clinical conditions. There are nerves running through bony cannels 
surrounded by a thin layer of cortical bone in the facial area as well as on the skull base. These nerves are in danger 
whenever these bones have to be surgically treated. Additionally, nerve tissue is often surrounded by connective 
tissue which has a high content of fat cells. Hence, the differentiation of this surrounding tissue from the nerve is 
essential for proper nerve preservation.  
However, in terms of clinical application the results have to be considered with care due to the ex vivo conditions of 
this study. The reduced blood content under ex vivo conditions may have influenced the results of nerve 
identification, considering the fact that blood is known to be one major optical absorber and reflector of biological 
tissue [27]. Different types of tissue demonstrate different degrees of blood flow under in vivo conditions, which 
may considerably change the diffuse reflectance spectra [28]. Different studies could show a more reliably working 
optical tissue differentiation in vivo [25, 29]. However, these findings have to be verified in further in vivo 
experiments. 
A remote set-up was utilized for the measurements, to take two factors into account. Light delivery or measurement 
tools that are in direct contact with biological tissue may cause an alteration of optical properties due to a 
mechanical manipulation. Pressure applied on the tissue causes increased tissue absorption and scattering 
coefficients [30], which may alter the results of optical tissue differentiation. In addition, considering the clinical 
application of optical tissue differentiation, it has to be kept in mind that mechanical manipulation of the tissue may 
cause the spreading of germs or tumor cells during surgery [31-33]. Hence, focusing on a remote set-up, the 
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environmental light has to be excluded as it may interfere with the optical spectra derived from the tissue. Hence, 
the diffuse reflectance spectra were mathematically corrected for environmental stray light to increase signal to 
noise ratio during the measurements [34].  
The results of this study show the general possibility of remote nerve identification, using diffuse reflectance 
spectroscopy. On the basis of this technology a control system can be established, which will be able to identify 
nerve tissue during oral and maxillofacial laser surgery to prevent iatrogenic nerve damage. However, prior to any 
clinical application, further experiments are necessary to investigate the influence of blood microcirculation and 
bleeding on the surface of surgical wounds on diffuse reflectance tissue differentiation under in vivo conditions. 
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